INTRODUCTION
Induction of immunologic tolerance by haptens coupled to nonimmunogenic carriers has been useful in understanding the cellular basis of self vs. nonself Received for publicatiotn 5 April 1979 anid itl revised form 4 Februiary 1980. discrimiinlationi and in applying tolerancee theral)eitically in experimental autoimmllune dlisease (1) (2) (3) . Onie area of potential therapeutic application of imimiuntillologic tolerance is allergy. For examnple, it has been showni that immuiitnoglobulin (Ig)E antilbody to the major determinanit of penicillin can be suippressedl in primed animals by the adminiistrationi of benzylpenicilloyl conjugated to either isologouis IgG or to a synthetic carrier such as D-glutamic acidl aind D-1)ysinie (4) (5) (6) (7) . Before applyinig the concept of carrier-iniduced tolerance to problems in clinical allergy, it is critical to dcemonstrate that unresponsiveness canl be induced in human lymphocytes in vitro. The major determinianit of penicillin, benzylpenicilloyl (BPO)' was selectedl because of its relevance to immnediate hypersenisitivityin man (8) (9) (10) . Here we show that BPO conjugate'd to auitologous humani gamma globulini (HGG) specifically suppressed lymphocyte proliferation and the release of lymphocyte mitogeniic factor (LM F), a nonispecific T-cell-derived helper factor which induces proliferation and immllunoglobulin synthesis in B cells.
NIETHODS

Reagen ts
HGG was isolated fromil the serumii of ninle voluniteers over DEAE columns usinlg a 0.01-NI pH 6.8 phosphate bluffer as elutinig buffer. Keyhole limpet hemocyanin (KLH) was purchased from Sigma Chemical Co., St. Louis, Mo. Humcan serum albuimin (HSA) was obtained as a 25% solution from Hylanid Diagnostics Div., Travenol Laboratories, Inc., Costa Mesa, Calif. BPO vas covalently bound in the penicilloyl configuration to protein carriers (KLH, HSA, or HGG) as previously described (11) , and residual unbound hapten was removed by gel filtration. The following hapten carrier conjuigates were used: BPO23-HSA, BPO56-KLH, and nine preparations of BPO-HGG BPO41,1-HGG; in all cases the suffix nullml)ers refer to the average molar ratio of halpteni to carrier (asstumning a mol wt of 800,000 for KLH). Dinitrophenyl (1)NP) was covalently bound to KLH and HGG as previously described (12) . The following hapten carrier conjugates were used:
DNPs5-KLH and three preparations of DNP-HGG, DNP22_35-HGG. All preparations of hapten carrier protein conjugates were used at the conicentration of 100 ,tg/inl. Tetantus toxoid (TT-LP 430 PM, Massachusetts Biological Laboratories) was used as a control antigen at 10 ,ug/ml.
Lymphocyte preparation
Human peripheral blood lymphocyte (PBL) suspenisions were prepared by Ficoll-Hypaque sedimlenitationi of heparinized blood (13) . Blood was obtained from nine adult volunteers, all of whom had previou.sly received multiple courses of intramuscular and oral penicillini; nonie had a positive history of penicillin allergy. All of the donors had also received immunization with TT antigen. Cord bloo(d of six newborns whose mothers did not receive penicillini during pregnanicy was also studied.
Culture conditions and assay ofDNA sytnthesis Cell suspensionis were cultured at a final concentrationi of 1 x 10 cells/mIii in complete medium conisistinig of medium RPMI 1640 conitainiing 10% AB' serum and 50 ,tg/mln gentamicin. 0.2-ml aliquots of cell stuspenisions were dlistribute(l into the wells of sterile flat-bottomed mlicrotiter plates (Linbro Chemical Coml)pany, Hamldeni, Connii.). Ctultures were macle in triplicate, incubated at 37°C in a humidified atmuosphere of 5% CO2 in air for 6 d, pulsed with [3H]thymlni(line (New Englandl Nuclear, Boston, Mass., 20 Ci/mol, 1 ,uCi/ culture) and harvested 16h later as previously described (14) . Results were expressed as stimulationi indices (SI) where: SI = (couiints per minute incorporated b1 antigeni-stimuitilate(d culture)/(counts per miniute inicorporatedl by conitrol-unistimulated culture).
Production of T-cell helper factors
Productioin of T-cell helper factor was assayed as previoouslv described (15) . PBL 
Preitncubationt of lymphocytes wvith BPO conjugates and antigens
Lymphocytes were suspended at a concenitrationi of 1 x 107 cells/ml in complete culture medium in the presence of various BPO or DNP conjugates (100 ,ug of carrier proteini/ Ml), of HGG (100 /Lg/mll), or of TT (10 ,ug/ml). After a 24-hi incubation perio(d the cells were pelletecl (200 g for 10 min), washed three times in Hanks' balancedl salt medium, anid then restuspenided in complete medium at a final concenitrationi of 1 x 10' cells/mI. The cells were then incubated with various conjugates or with TT antigen and assayed for their capacity to proliferate auid release LMF as just described.
RESULTS
Antigene-inlduced proliferation of hiiuman PBL ini vitro. BPO-KLH iniduced proliferation (SI < 2) in the PBL of six out of nine adult individuals studied (Fig.  la) . In contrast, BPO-HGG, the protein carrier KLH alonie, and HGG all failed to induce proliferation of the lymphocytes from all nine adults (Fig. I a) . Furthermore, in a separate set of experiments, DNP-KLH conijugates failed to induce proliferation in the lymphocytes of three of the individuals who were capable of responding to BPO-KLH (Table I) . As expected, TT provoked lymplhocyte proliferationi in the PBL of all ninie doonors ( Fig. la and Table I ). It should be noted that lymphocytes froml all six cord bloods failed to proliferate (SI < 2) in response to anitigens (BPO-KLH or TT) in spite of the fact that they all responde(d to phytohenmagglutiniin to an extent equItal to that of adult Iymnphocytes. The mean±tSD counts per miiinutte of 6-d phytohemiiaggltutinini-sti-iulated cultuires was 19,769±4,389 for cord blood Ivlymphocytes ancl 21, 170 ±4,706 for a(dult lymvlphocytes. However, the SI for cord bloo1( Iymlphocytes (11.9±4.7) as lower than for adult lymphocytes (24.0±4.9) becauise the background for unstimulated cultures (1,656+415 epm) of cord blood lymphocytes was imore than that obtainied for unistimullated adult lymphocytes (881±61). Because cord bloo10 lymphocytes responcded to mitogeni phytohemiiagglutiinin but not to antigeni (BPO-KLH or TT), the above data suggest that the observed proliferationi of a(duilt PBL in responise to BPO-KLH was antigenspecific.
Anitigeni-itnduiced helper factor produiction. In the next series of experiments we exaimiined antigeni- Fig. I b, c) .
BPO-specific inhibition of lyImphocyte proliferationt by preinicubation with BPO-HGG conjugates. The effect of in vitro incubation of lymphocytes with various conjugates on the proliferative response to antigen was assessed in the six individuals whose lymphocytes proliferated in response to BPO-KLH. Preincubation of lymphocytes with BPO-HGG resulted in significant inhibition of the proliferative response to the BPO-KLH conjugates but not to TT antigen ( Fig. 2a and Table I ). In a total of nine experiments carried on the lymphocytes of these six individuals (Fig. 2a and Table I ), preincubation with BPO-HGG caused a mean inhibition of the BPO-KLH response of 68% and a mean inhibition of the TT response was 14% (P < 0.01). Furthermore, in these nine experiments, the mean inhibition of the BPO-KLH proliferative responses by preincubation with BPO-HGG (68%) was also statistically significant (P < 0.01) when compared with the mean inhibition induced by preincubation with HGG alone (11%). In contrast, preincubation of lymphocytes with BPO-HSA (Fig. 2a, six experiments) or DNP-HGG (Table I , three experiments) did not result in inhibition of the proliferative response to BPO-KLH. In the six experiments depicted on Fig. 2a , no inhibition of the BPO-KLH response was seen with preincubation with BPO-HSA (16%). In the three experiments shown in Table I , the mean inhibition of the BPO-KLH response induced by preincubation with DNP-HGG (21%) was not significantly different than that seen in cultures preincubated with HGG (19%) nor was it significantly different from the inhibition seen in cultures that had been preincubated with DNP-HGG and stimulated with TT (15%). In these same three experiments, preincubation with BPO-HGG induced significant inhibition (69%) of the BPO-KLH response when compared to preincubation with either HGG (21%) or DNP-HGG (19%); P values < 0.05. Hence, the suppression of lymphocyte proliferation in response to BPO-KLH appears to be specific for BPO and (c) it is responsible for over half of the immediate hypersensitivity reactions to penicillin (10, 19, 20) . Initially, we determined whether conjugates of BPO to autologous or heterologous protein carriers elicit lymphocyte proliferation and the formation of nonspecific LMF in vitro. Lymphocytes from six of the nine subjects responded with significant proliferation and LMF production to BPO-KLH (Fig. 1) . In contrast, none responded to BPO-HGG, HGG, KLH, or DNP-KLH ( Fig. la and lymphocytes from the cord blood of newborns whose mothers did not receive penicillin during pregnancy failed to respond to BPO-KLH. In contrast, cord blood lymphocytes proliferated in response after exposure to the mitogen phytohemagglutinin. The cord blood response to phytoheimiagglutitini was comparable to that of adults when the results were expressed as counts per minute but was half the adult response when the results were expressed as SI. This is because the background for cord blood lymphocytes is known to be higher than for adult lymphocytes (23) .
Preincubation of lymphocytes from all six subjects vith BPO-HGG resulted in significant inhibition of the ability of the lymphocytes to proliferate and release LMF in response to subsequent stimulation with BPO-KLH. This effect was BPO-specific because lymphocytes preincubated with BPO-HGG proliferated normally and released normal amounts of LMF on subsequent stimulation with the antigen TT. BPO-HGG induction of unresponsiveness appears to be specific for the BPO (26) . Because B-cell unresponsiveness could be explained solely by the absence of T-cell helper activity, it is unknown whether B cells are rendered tolerant. To resolve these issues, experiments similar to those reported in this paper must be performed using purified subpopulations of T and B cells. However, because in vitro B-cell response is T-dependent, it may be safe to predict that when the techniques are developed to measure human BPO-specific antibody response in vitro, this response will be suppressed by BPO-HGG conjugates in humans as has already been shown in experimental animals (4) .
Finally, the potential therapeutic importance of the induction of tolerance in man is worth mentioning. For example, hapten-specific tolerance induced by autologous human IgG might prevent allergic reactions caused by haptens, including penicillin hypersensitivity and reactions to the toxic gas trimellitic anhydride (27) . Furthermore, and perhaps of greater clinical importance, several laboratories including our own are involved in the transformation of complete allergens such as ragweed IgE into tolerogen by linkage to nonimmunogenic carriers (28) . The effectiveness of this approach has been very recently demonstrated by King in experimental animals (29) . A similar approach in man might improve immunotherapy by selectively abrogating antibody to unwanted allergen.
